Purpose Alternations to the paternal epigenome, specifically the components of sperm chromatin, can lead to infertility in humans and potentially transmit aberrant information to the embryo. One key component of sperm chromatin is the posttranslational modification of histones (PTMs). We previously identified a comprehensive profile of histone PTMs in normozoospermic sperm; however, only specific histone PTMs have been identified in abnormal sperm by antibody-based approaches and comprehensive changes to histone PTM profiles remain unknown. Here, we investigate if sperm with abnormalities of total motility, progressive motility, and morphology have altered histone PTM profiles compared to normozoospermic sperm samples. Methods Discarded semen samples from 31 men with normal or abnormal semen parameters were analyzed for relative abundance of PTMs on histone H3 and H4 by Bbottom-up^nano-liquid chromatography-tandem mass spectrometry. Results Asthenoteratozoospermic samples (abnormal motility, forward progression, and morphology, n = 6) displayed overall decreased H4 acetylation (p = 0.001) as well as alterations in H4K20 (p = 0.003) and H3K9 methylation (p < 0.04) when compared to normozoospermic samples (n = 8). Asthenozoospermic samples (abnormal motility and progression, n = 5) also demonstrated decreased H4 acetylation (p = 0.04) and altered H4K20 (p = 0.005) and H3K9 methylation (p < 0.04). Samples with isolated abnormal progression (n = 6) primarily demonstrated decreased acetylation on H4 (p < 0.02), and teratozoospermic samples (n = 6) appeared similar to normozoospermic samples (n = 8). Conclusion Sperm samples with combined and isolated abnormalities of total motility, progressive motility, and morphology display distinct and altered histone PTM signatures compared to normozoospermic sperm. This provides evidence that alterations in histone PTMs may be important for normal sperm function and fertility.
Introduction
Infertility is a common problem in the USA, affecting up to 15% of couples attempting conception [1] . While the etiology of infertility is complex and often attributable to multiple causes, a male factor may contribute to 50% of cases [2] . A male factor is diagnosed when any semen parameter falls outside of the reference ranges of the semen analysis [3] . Indeed, in addition to obvious causes of infertility such as oligozoospermia, abnormalities in overall sperm motility, progressive motility, and morphology have been associated with poor clinical outcomes [4] [5] [6] [7] [8] . Current understanding of the molecular mechanisms leading to these defects and their reproductive implications is limited. Recently, however, the role of paternal epigenetics is emerging as a crucial factor in the etiology and reproductive consequences of male infertility.
One key epigenetic mechanism regulating male gamete formation and function involves the post-translational modification and retention of histones, which are critical protein components that provide the structural scaffold of chromatin. Chromosomal DNA is packaged into nucleosomes, each containing approximately 147 bp of DNA wrapped around a histone octamer containing two copies each of core histone H2A, H2B, H3, and H4 [9] . The covalent addition of post-translational modifications (PTMs), such as methylation (me), acetylation (ac), phosphorylation (ph), and crotonylation (cr), to predominantly the N-terminal tails of the core histones allows for activation or repression of underlying genes [10] . Histone PTMs are crucial to the regulation of cellular processes essential to spermatogenesis and sperm function, including transcription, DNA repair, DNA replication, and chromosome condensation [11] . Interestingly, the majority of histones (85-95%) are evicted during sperm maturation, which facilitates DNA compaction within the sperm nucleus. This unique process, termed spermiogenesis, begins in postmeiotic haploid male germ cells with the eviction of hyperacetylated histones and replacement with, first, slightly smaller, and positively charged transition proteins, and then ultimately by very small and highly arginine-rich protamines [12] [13] [14] . In human sperm, approximately 5-15% of histones are retained and proper histone-toprotamine exchange is critical for normal spermiogenesis, as aberrations in this replacement process are associated with male infertility and poor outcomes following in vitro fertilization [12, [15] [16] [17] [18] [19] [20] [21] [22] . Initial genome-wide studies in human sperm suggested that the retention of histones occurs in a non-random manner, being enriched at genes encoding master regulators of early embryonic development [23] [24] [25] [26] . Other reports, however, subsequently showed that histones are predominantly retained within distal intergenic regions and introns, and are associated with centromeric repeats and retrotransposons [27, 28] .
This current controversy about the role of retained nucleosomes in sperm illustrates the importance of further understanding the histone signature in human sperm.
While most previous studies of sperm histone PTMs utilized antibody-based approaches to evaluate a handful of specific PTMs, high-resolution Bbottom-up^nano-liquid chromatography-tandem mass spectrometry (nanoLC-MS/MS) allows for a comprehensive assessment of histone PTM signatures over short peptides. Mass spectrometry has emerged as a high-throughput technology to analyze histones and PTMs without prior knowledge of specific modifications [29] . Given its unbiased and quantitative nature, this technology is valuable for comparison of specific histone PTMs between study groups. We previously utilized this approach to identify dynamic changes in histone PTMs during multiple stages of mouse spermatogenesis and also found conservation of histone H3 and H4 PTMs between mouse and human sperm [30] . Remarkably, we observed a striking consistency in the abundance of histone PTMs between normozoospermic sperm samples from different individuals [30] .
Given increasing evidence of the importance of the paternal epigenome, the objective of this study was to determine whether semen pathologies correlate with altered histone PTM signatures. We first examined sperm samples displaying the most severe phenotype of abnormalities in total motility, progressive motility, and morphology (asthenoteratozoospermia, AT, mot/prog/morph). We subsequently investigated samples with less severe and isolated abnormalities including total motility and progressive motility (asthenozoospermia, AS, mot/prog), isolated abnormal progressive motility (PR, prog), and isolated abnormal morphology (teratozoospermia, TS, morph), for comparison to normozoospermic (NS) samples.
Materials and methods

Ethical approval
Approval for this study was obtained from the University of Pennsylvania Institutional Review Board (Protocol 815929).
Collection and processing of semen samples
De-identified semen samples were obtained from the University of Pennsylvania Fertility Center (Penn Fertility Care) from men presenting for routine semen analysis. Following 2-5 days of abstinence, semen samples were collected via masturbation into a sterile container. Samples were allowed to liquefy at room temperature for 30 min before analysis by trained andrology staff. Semen parameters were assessed according to the WHO reference values, 5th Edition [3] which uses the strict Kruger criteria for morphology assessment [31] . Semen samples grouped as normal were reported in our initial characterization of sperm histone PTMs [30] and met all of the following criteria: semen volume ≥ 1.5 mL, sperm concentration ≥ 15 million/mL, total motility ≥ 40%, progressive motility ≥ 32%, and morphology ≥ 4% [3] . Abnormal samples with a value below any of the above thresholds were grouped according to the abnormality (asthenoteratozoospermia, asthenozoospermia, abnormal progressive motility, and teratozoospermia, Table 1 ). As approximately 25-30 million total sperm are required for sufficient histone extraction for nanoLC-MS/MS analysis, samples with oligozoospermia were excluded from evaluation. Following semen analysis, de-identified semen samples were processed immediately. Briefly, total semen samples were first washed three times with PBS followed by centrifugation at 200 rcf to separate seminal fluid. The somatic cells in the resulting pellet were lysed (0.1% SDS, 0.5% Triton-X-100) for 30 min on ice. Samples were again centrifuged at 200 rcf for 10 min and the resulting sperm pellet resuspended in PBS. Microscopic inspection of the sperm was then performed to validate complete somatic cell lysis and total sperm count performed. In our previous study, we utilized pyrosequencing analysis of DNA methylation of maternal and paternal imprinted genes in mouse sperm to validate somatic cell lysis and purity of sperm chromatin samples [30] .
Acid extraction, propionic anhydride derivatization, and trypsin digestion of histones Acid extraction of histones for nanoLC-MS/MS analysis was conducted as previously described with minor modifications [30, 32, 33] . Briefly, following somatic cell lysis, sperm samples were treated with DTT (50 mM) for 30 min to aid in nuclear decondensation. Following centrifugation at 800 rcf for 5 min at 4°C, the supernatant was removed and sperm cells were rotated at 4°C for 30 min in hypotonic lysis buffer (10 mM Tris-HCl pH 8.0, 1 mM KCl, 1.5 mM MgCl2, 1 mM DTT with protease inhibitors). Pelleted nuclei (10,000 rcf, 10 min, 4°C) were subsequently resuspended in 0.4 M sulfuric acid and rotated overnight at 4°C. Following centrifugation (16,000 rcf, 10 min, 4°C), the resulting supernatant was precipitated with 33% trichloroacetic acid (TCA) and incubated on ice for 4-6 h. Histones were pelleted by centrifuging at 16,000 rcf for 10 min at 4°C and subsequently washed twice with cold acetone prior to resuspension in DNase/ RNase free water and storage at − 80. To confirm adequate extraction, resuspended histones were quantified using the Pierce BCA Protein Assay Kit (ThermoScientific) and 1-2 μg of protein run on a 12% Bis-Tris protein gel, comparing to control histones extracted and purified from mouse embryonic fibroblasts (Fig. 1a) .
To prepare extracted histones for nanoLC-MS/MS, 2 0 μ g o f a c i d -e x t r a c t e d p r o t e i n w a s u s e d f o r propionylation and trypsin digestion. Each sample was treated twice with propionylation reagent (1-part propionic anhydride (Sigma), 3-parts 2-proponal) at pH 8 to block the ɛ-amino groups of unmodified and monomethyl lysine residues, which then restricts trypsin proteolysis to only the C-terminal side of arginine residues. Peptides were digested with 1 μg trypsin (1:20 trypsin/protein ratio, Invitrogen) for 6 h at 37°C and subsequently treated with two additional rounds of propionylation. The resulting propionylated and trypsin digested peptides were purified via stage-tip desalting with C18 mini discs and stored at − 80°C until nanoLC-MS/MS analysis.
Tandem mass spectrometry
Desalted histone peptides were loaded onto and separated by reversed-phase HPLC on a Thermo Scientific™ EASY-nLC 1000 system with a 75 μm i.d. × 15 cm Reprosil-Pur C18-AQ 3 μm nanocolumn run at 300 nL/min. Peptides were eluted with a gradient from 2 to 30% ACN (35 min) and to 98% ACN over 20 min in 0.1% formic acid. HPLC was coupled to a Thermo Scientific™ Q Exactive™ Hybrid QuadrupoleOrbitrap Mass Spectrometer. In each cycle, one full MS Orbitrap detection was performed with the scan range of 290 to 1600 m/z, a resolution of 70 K and AGC of 1 × e6. Then, data-dependent acquisition mode was applied with a dynamic exclusion of 30 s. MS2 scans were followed on parent ions from the most intense ones. Ions with a charge state of one were excluded from MS/MS. An isolation window of 3 m/z was used. Ions were fragmented using higher-energy collisional dissociation (HCD) with a collision energy of 24. The resolution was set to be 17.5 K with AGC of 1 × e5. Targeted scans were performed on a number of peptides to increase the identification of low-abundance modifications. Histone PTM quantification was performed by manual quantification utilizing retention time, MS1 and MS2 of ion peaks. The following peptides were analyzed for each sample: H3 aa 3-8 (TKQTAR), aa 9-17 (KSTGGKAPR), aa 18 -26 (KQLATKAAR), aa 27-40 (KSAPATGGVKKPHR), aa 73- ions. The sum of all modified forms was designated as 100% and the relative quantity of each PTM calculated by dividing the area of each modified form by the total area. Given the small sample size in each group, the nonparametric Mann-Whitney test was used to assess for differences in the relative abundance of normozoospermic vs. abnormal groups. A p value < 0.05 was considered statistically significant. Data analysis was performed using STATA version 13.1 (StataCorp, College Station, TX, USA).
Results
Semen samples
A total of 31 semen samples were included for analysis. As described in the BMaterials and methods,^a formal semen analysis was performed by the Penn Andrology Laboratory on each sample according to the WHO 5th edition guidelines prior to processing for histone analysis. Baseline semen characteristics for each group are summarized in Table 1 and semen parameters for each individual are presented in Supplemental Table 1 . Individual samples were assigned to one of the following groups: normozoospermic (n = 8), asthenoteratozoospermic (AT, n = 6), asthenozoospermic (AS, n = 5), isolated abnormal progressive motility (PR, n = 6), or teratozoospermic (TS, n = 6).
Quantitative analysis of histone PTMs utilizing mass spectrometry
We utilized nanoLC-MS/MS to perform an unbiased and quantitative comparison of particular histone PTMs between normozoospermic samples and sperm samples with various clinical abnormalities. Figure 1 demonstrates an example of this methodology for the calculation of relative abundance of specific PTMs. Following gel-electrophoretic confirmation of proper acid extraction of histones (Fig. 1a) , samples were prepared for nanoLC-MS/MS. The resulting chromatogram was inspected and the correct peak identified via mass charge ratio (m/z), retention time (RT), MS1 and MS2, as indicated for an example of acetylated forms of the histone H4 peptide 4-13 (Fig. 1b) . The area under the curve (AA) was calculated for each modified and unmodified form of the peptide and summed to obtain total peptide abundance. The relative abundance of each form was expressed as a percentage of the total (Fig. 1c) .
Histone PTM profile in normozoospermic vs. asthenoteratozoospermic samples
We first compared the most severe phenotype of asthenoteratozoospermia (AT, mot/prog/morph) with normozoospermic samples (NS) (Fig. 2) . Interestingly, we found a significant decrease in overall acetylation on histone H4 aa 4-17 (p = 0.001) (Fig. 2a) . Of note, when examining specifically modified amino acids, a significant decrease in di-, tri-, and quadruple acetylation was noted on this peptide (p = 0.01, 0.002, 0.007, respectively) as well as a corresponding increase in the unmodified form (p = 0.007) (Fig. 2b) . In addition, a significant increase in the monomethylated form of H4K20 (H4K20me1) and a decrease in the dimethylated form H4K20me2 (p = 0.003, 0.003) was detected (Fig. 2c) . On histone H3, there was a significant increase in monomethylated K9 (H3K9me1) (p = 0.04) and a decrease in di-and tri-methylated K9 (H3K9me2, H3K9me3) (p = 0.01, 0.005, respectively) ( Fig. 2d) . Although there was a trend towards an increase in the unmodified form of the H3K9 peptide in the AT (mot/prog/morph) group, this did not reach statistical significance (p = 0.07). There was also no difference in the Histone PTM profile in asthenozoospermic, teratozoospermic, and samples with isolated abnormal progressive motility
Given the striking changes in relative abundance observed in H4 acetylation, H4K20 methylation, and H3K9 methylation between asthenoteratozoospermic (AT, mot/prog/morph) and normozoospermic (NS) samples, we next investigated whether changes in these modifications were associated with other isolated and less severe combinations of semen abnormalities.
We performed a similar analysis on samples with asthenozoospermia (AS, mot/prog), isolated abnormal progressive motility (PR, prog), and teratozoospermia (TS, morph) and compared the PTM profile in each group to the normozoospermic (NS) samples (Fig. 3) . Similar to the AT (mot/prog/ morph) group, both the AS (mot/prog) and PR (prog) groups showed a significant decrease in tri-and quadruple acetylation on H4 (AS, p = 0.03, 0.04; PR, p = 0.002, 0.02 respectively) (Fig. 3a) . The PR (prog) group also demonstrated a significant increase in the unmodified form (p = 0.02) and a significant decrease in the di-acetylated form of H4 (p = 0.003). Sperm with abnormal morphology (TS) exhibited histone PTM profiles similar to the NS group with the exception of a significant decrease in the di-acetylated form of the H4 peptide (p = 0.01). When examining H4K20 methylation, the AS (mot/prog) group was strikingly similar to the AT (mot/prog/morph) group, exhibiting a significant increase in H4K20me1 and a decrease in H4K20me2 (p = 0.005, 0.005) (Fig. 3b) . There was no difference in the relative abundance of histone PTMs from the PR (prog) and TS (morph) groups for the H4K20 peptide. Analysis of the H3K9 peptide revealed the most distinct changes occurring in the AS (mot/prog) group (Fig. 3c) . H3K9me1 increased in the AS (mot/prog) group (p = 0.01), and H3K9me2 and me3 were decreased compared to the NS group (p = 0.04, 0.01, respectively). While an increase in H3K9me1 was observed in the PR (prog) group (p = 0.02), there were no other differences in the abundance of the modified or unmodified forms of the H3K9 peptide. Furthermore, no differences were observed between the TS (morph) and NS group on this peptide. Hence, specific classes of semen abnormalities appear to have distinctly altered histone PTM signatures.
Discussion
Here, we employ highly sensitive nanoLC-MS/MS and reveal a novel and irregular histone PTM signature associated with clinically defined abnormal semen samples. We compared the histone PTM profile of normozoospermic sperm samples with abnormal samples displaying combined or isolated abnormalities of total motility, progressive motility, and morphology. We identified striking differences in the relative abundance of H4 acetylation as well as H4K20 and H3K9 methylation in asthenoteratozoospermic (mot/prog/morph) samples exhibiting all three abnormalities. Further investigation of sperm samples with less severe combined and isolated abnormalities demonstrated that decreased histone acetylation on H4 was associated with asthenozoospermia (mot/prog) and isolated abnormal progressive motility. Alterations of H3K9 and H4K20 methylation were also found in asthenozoospermic (mot/prog) samples. In contrast, teratozoospermic sperm samples were found to have similar PTM profiles to normozoospermic samples. Decreases in histone H4 acetylation were noted with almost every semen abnormality evaluated in this study. Histone acetylation is traditionally considered a PTM associated with transcriptional activation; however, in sperm, hyperacetylation of histones is also critical to the histone-to-protamine exchange process during spermiogenesis [34] [35] [36] [37] [38] [39] [40] . Furthermore, decreased acetylation of H4 has been described in men with impaired spermatogenesis including those with both qualitatively normal appearing sperm on testicular biopsy as well as those with more severe impairments of spermiogenesis [40] . This is in agreement with our findings of decreased H4 acetylation in clinically abnormal appearing sperm and underscores the importance of proper histone acetylation for normal spermiogenesis and fertility. Of note, due to our experimental and analytical design that relies upon relative histone abundance, we are unable to determine if this decrease in histone acetylation is due to an overall increase in unmodified histone retention or a decrease in histone acetylation. Future experiments that utilize alternative means to assess histone retention/protamine incorporation in sperm followed by nanoLC-MS/MS are needed to definitively answer this question.
We further identified significant changes in the abundance of H4K20 and H3K9 methylation in both asthenot eratozoospermic (mot /prog/morph) and asthenozoospermic (mot/prog) sperm samples. H4K20 methylation is implicated in a diverse number of biological processes, including DNA replication and the DNA damage response. Furthermore, alterations with this PTM are associated with a variety of disease states including cancer and developmental disorders [41, 42] . H4K20 and H3K9 methylation are also considered hallmarks of heterochromatin with the combination of H4K20 and H3K9 methylation leading to a highly condensed and transcriptionally repressed state [11, 43] . Proper methylation and de-methylation of H3K9 are also suggested to be essential for the normal progression of spermatogenesis and for the incorporation of both transition proteins and protamines [35] . This has been demonstrated through mouse models with either loss of function of specific demethylases or mutations in methyltransferases resulting in severe spermatogenic defects or complete meiotic arrest [44, 45] . Importantly, recent evidence suggests that H3K9me3 in association with H4K20me3 from paternal heterochromatin is transmitted from the sperm to the embryo in the human [46] . Our identification of altered H3K9me and H4K20me in asthenoteratozoospermic (mot/prog/morph) and asthenozoospermic (mot/prog) sperm samples further highlights the potential importance of these specific histone PTMs as well as the paternal epigenome on fertility and embryogenesis in both normal and pathologic clinical conditions. The majority of research on histones in the setting of fertility has focused on proper histone-to-protamine exchange and the establishment of protamine 1:2 ratios [16] [17] [18] [19] . There is, however, minimal data specifically investigating the role of histone PTMs in the setting of human infertility, and the available studies are generally limited to a handful of specific PTMs. Shifts in the distribution of H3K9 acetylation have been described at selected genes between the sperm of fertile and infertile men [47] . In addition, H4K12 acetylation has also been examined in the setting of male infertility, with a loss of binding sites demonstrated in select developmentally important promoters in sperm from subfertile men [48] . Interestingly, in a group of seven patients with either poor embryogenesis following IVF or altered protamination, a more dispersed pattern of histones was found when compared with control sperm from fertile men. Furthermore, while the localization of modified histones (H3K4me and H3K27me) was overall similar to controls, subtle differences between the two groups included either loss or significant reduction of developmental promoters with H3K4me and H3K27me, as well as the loss of H3K4me3 from three paternally imprinted loci in infertile men [49] . While we were unable to determine the clinical outcomes of included subjects due to the de-identified nature of our study, our analysis similarly did not reveal a difference in the overall abundance of H3K27 methylation in normozoospermic samples when compared to samples with abnormalities.
In conclusion, we utilized nanoLC-MS/MS to identify distinct differences in the abundance of histone PTMs in sperm with both combined and isolated abnormalities of total motility, progressive motility, and morphology when compared to normozoospermic sperm samples. The identification of a unique PTM signature associated with particular clinical abnormalities is of significant translational importance because sperm with phenotypic abnormalities may carry improperly marked chromatin into the oocyte. Additional studies utilizing next-generation sequence techniques such as MNase or ChIPseq are necessary to determine the specific alterations in genomic locations of the altered histone PTMs identified in this study. Localization of these modifications to genomic features, i.e., at promoter or enhancers, will shed further light onto the role of these modifications in embryogenesis. The increased use of assisted reproductive technologies such as IVF and ICSI to circumvent male infertility highlights the importance of improving our understanding of the paternal epigenome in sperm function and pathology. While further studies are needed to investigate the functional significance of our findings, the definition of histone PTM profiles is critical at this early stage of understanding of abnormalities and provide an avenue for additional research. Indeed, future research will elucidate the dynamic mechanisms involved in the establishment of these PTMs (i.e., enzyme HATs and HDACs) and how these mechanisms are altered in spermatogenesis and infertility.
